Black carbon (BC) is important for climate forcing, and its effects on the Earth's radiative balance remain a major uncertainty in climate models. In this study, we investigated the mixing state of refractory black carbon (rBC) and aerosol optical properties in a polluted atmosphere at Xi'an, western China. The average rBC mass concentration was 9.9 mg m ¡3 during polluted periods, 7.6 times higher than that in clean periods. About 48.6% of the rBC was internally-mixed or coated with nonrefractory materials during polluted periods; this was 27% higher than in clean periods. Correlation analysis between the number fraction of thickly-coated rBC particles (f BC ) and the major particulate species indicate that organics may be the primary contributor to rBC coatings during polluted periods. The average mass absorption cross section of rBC (MAC BC ) particles at l D 870 nm was 7.6 § 0.02 m 2 g ¡1 for the entire campaign. The MAC BC showed a positive correlation with f BC , and the enhancement of MAC BC due to internal mixing was 1.8 times. These observations suggest that an enhancement of BC absorption by a factor of 2 could be appropriate for climate models associated with high PM 2.5 levels.
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INTRODUCTION
Black carbon (BC), the most efficient light-absorbing aerosol component in the atmosphere, is receiving increased interest due to its key role in radiative forcing (Jacobson 2001; Ramanathan and Carmichael 2008) . Indeed, BC has been considered as the second largest contributor to anthropogenic radiative forcing after carbon dioxide (Jacobson 2001) . The effects of BC on climate depend on not only its concentration but also the physical and chemical properties of the particles including their size, shape, and mixing state. For the latter, BC particles can acquire various substances as coatings, which enhances the particles' absorption of solar radiation compared with their uncoated counterparts Moffet and Prather 2009) . In this context, Jacobson (2000) estimated that the direct positive radiative forcing for internally-mixed BC particles is 0.78 W m ¡2 , which was about three times that for the externally-mixed BC particles (0.27 W m ¡2 ). Moreover, coated BC particles can more readily act as cloud condensation nuclei (CCN), leading to more efficient removal by wet deposition (Jacobson 2010) .
Eastern-southern Asia is one of the world's largest emitters of anthropogenic BC, in particular China accounts for 60% of the Asian emissions ). Due to the short atmospheric lifetimes of BC particles, regional effects of BC on light absorption are of particular concern. Modeling studies suggested that the direct BC-induced radiative forcing in the atmosphere over China was of the order of 5 W m ¡2 (Chung and Seinfeld 2005) . Despite numerous studies of BC in China, most studies have made use of filter-based instruments to measure bulk aerosol absorption rather than direct measurements of BC mass concentrations (Cheng et al. 2006; Cao et al. 2009 ). Filter-based absorption techniques are subject to a number of systematic errors (Arnott et al. 2005) , and is incapable of providing information on the BC mixing state. Recent assessments of aerosol radiative effects have highlighted the need for better measurements of BC mass concentrations and optical properties which are crucial for reducing the uncertainties in climate models.
Heavy pollution episodes, also known as haze-fog events, covered an area of >1 million km 2 over China in January 2013, leading to worldwide attention to the seriousness of particulate pollution in China. A set of measurements was performed in Xi'an, China to investigate individual refractory black carbon (rBC) particles and aerosol optical properties during the severe air pollution events. These analyses were made with the use of a single-particle soot photometer (SP2) and a photoacoustic extinctiometer (PAX), respectively. Additionally, an aerosol chemical speciation monitor (ACSM) was used to provide more detailed information on the substances mixed with the rBC. The main objectives of the study were (1) to quantify rBC mass concentrations and determine the rBC mixing state, (2) to derive rBC mass absorption cross sections, and (3) to characterize the relationship between the rBC mixing state and optical properties.
EXPERIMENTAL

Research Site
Xi'an, located on the Guanzhong Plain at the southern edge of the Loess Plateau (33 29 0 to 34 44 0 N, 107 40 0 to 109 49 0 , and 400 m above sea level), is the largest city in northwestern China and has a population of >8 million. For many years, the city has suffered from high loadings of aerosol particles, which are primarily emitted from coal combustion, motor vehicle emissions, and biomass burning in the suburbs (Shen et al. 2009 ). Heavy pollution episodes frequently occurred at Xi'an in the winter of 2012-2013, and they were among the worst in the country (http://datacenter.mep.gov.cn). For our studies of rBC, measurements were made from the rooftop (10 m above ground level) of the Institute of Earth Environment, Chinese Academy of Sciences (IEECAS; Figure S1 in the online supplementary information) from 23 December 2012 to 18 January 2013. Figure S1 shows the schematic of measurements system. This site is 15 km southwest of downtown Xi'an; it is surrounded by a residential/commercial area and is most representative of urban-scale conditions according to the criteria of Chow et al. (2002) .
rBC Mass and Mixing State Measurements
The SP2 used for the rBC measurements is a commercially available instrument (Droplet Measurement Technologies, Boulder, CO, USA), and its operation has been described in detail previously (Schwarz et al. 2006; Gao et al. 2007 ). Briefly, the SP2 uses intracavity Nd:YAG laser light at 1064 nm to quantify the rBC mass in individual rBC-particles. When an rBC-containing particle passes through the laser beam, the rBC component is heated to its vaporization temperature, and this causes the emission of incandescent light. The rBC mass is linearly related to the incandescence signal, irrespective of the particle morphology or mixing state (Slowik et al. 2007 ). In our study, the incandescence signal was calibrated using a standard fullerene soot sample (Lot F12S011, AlphaAesar, Inc., Ward Hill, MA, USA), which was size separated by incorporating a differential mobility analyzer (EPS-20 Electrical Particle Size, HCT, Korea) upstream of the SP2. The calibration curve was obtained from the peak intensity of the incandescence signal for the fullerene soot particles with diameters ranging from 80 to 450 nm.
The light-scattering signals of the SP2 were calibrated by introducing different sizes of monodisperse polystyrene latex spheres (PSL) into the instrument. The laser intensity was monitored by analyzing PSL particles of a specific diameter (269 nm) throughout the experiment; this was done to ensure the stability of the SP2 for the proper detection of rBC (Schwarz et al. 2010) . Here, the rBC cores in a mass range of 0.4-1050 fg, equivalent to 70-1000 nm volume-equivalent diameters were quantified assuming the particles were solid spheres with a density of 2.0 g cm ¡3 . Figure S2 shows that approximately 90% of total rBC mass was detected by the SP2 based on a lognormal fit of the mass-particle size distribution. The remaining mass was associated with particles below the size-detection limit of the SP2. Thus, to estimate the total rBC mass, we increased the SP2 mass values by a scaling factor of 1.1 throughout the dataset. The uncertainty in the rBC mass determinations was 25% due to uncertainties in the rBC mass calibration, flow measurements, and estimation of rBC mass outside of SP2 detection range.
The SP2 also provides information on the rBC mixing state. The lagtime method (the time of the peak of the incandescence signal minus the time of the peak of the scattering signal) is a commonly used approach for distinguishing between "thickly-" and "thinly-coated" single rBC particles (McMeeking et al. 2011; Perring et al. 2011; Wang et al. 2014) . This is commonly expressed as the number fraction of thickly-coated rBC particles (f BC ), that is, the ratio of the number of thicklycoated rBC particles to the sum of thickly-coated and thinlycoated particles. The principle behind this method is that the lagtime increases when larger amounts of non-refractory material are present. In this study, the time criterion for distinguishing uncoated or thinly-coated rBC from thickly-coated rBC is 2 ms, based on the observed minimum in the bimodal frequency distribution of delay times (Moteki et al. 2007 ).
Particle Light Absorption Measurements
The PAX (Droplet Measurement Technologies, Boulder, CO, USA) directly measures in-situ aerosol light absorption (s abs ) every minute using intracavity photoacoustic technology. A laser beam in the acoustic chamber of the instrument heats absorbing aerosol particles, and this heating produces pressure waves that are detected with a microphone. The 690 Q. WANG ET AL. sensors in the instrument, including a nephelometer for measuring the light scattering coefficient, make use of phase-sensitive detection. In this study, the light absorption at λ D 870 nm was measured with the PAX. The instrument is also capable of independently measuring the extinction coefficient using the laser power: to this end, freshly-generated propane soot was used to give an absorption reading of 5000-10,000 Mm ¡1 for the s abs calibration. A correction factor was then established from the relationship between the extinction-minus-scattering coefficient and s abs .
Aerosol Chemical Measurements
An Aerosol Chemical Speciation Monitor (ACSM, Aerodyne Research Inc., Billerica, MA, USA) was used to measure the mass concentrations and composition of non-refractory submicron aerosols (NR-PM 1 ) including organics, SO 4 2¡ , NO 3 ¡ , NH 4 C , and Cl ¡ . The ACSM focuses individual particles (40-1000 nm aerodynamic diameter) into a beam, and non-refractory components are vaporized, ionized, and finally analyzed with a quadrupole mass spectrometer. The chemically-speciated aerosol mass loadings are then extracted from the mass spectra. A collection efficiency of 0.5 was used to account for the incomplete detection of aerosol particles, which is mainly due to particle bounce at the vaporizer (Middlebrook et al. 2012 ). More detailed descriptions of the operating principles of the ACSM can be found in Ng et al. (2011) .
Meteorological Conditions and Classification
of Events The standards issued by the China Meteorological Administration (2010) define haze (also referred to as a polluted period here) as a condition in which the visibility and relative humidity (RH) are less than 10 km and 80%, respectively. These two meteorological variables along with wind speed and PM 2.5 loadings were monitored simultaneously as part of our study. Information on the instruments used for these measurements is included in Table 1 . A plot of the variations of PM 2.5 mass concentrations, visibility, and RH ( Figure S3 ) shows that haze events occurred during nearly 90% of the sampling period. As shown in Table 2 , the average PM 2.5 concentration during the clean periods was 32 mg m ¡3 , and the average loadings reached as high as 214 mg m ¡3 during polluted periods of the entire campaign.
The transitions between clean and polluted periods were strongly linked to changes in synoptic meteorology. During polluted periods, the surface winds were weak, and the atmospheric vertical motions were predominantly downdrafts ( Figure S4 ). The horizontal and vertical dispersal of contaminants were both restricted under such conditions, leading to the accumulation of pollutants in the surface layer. In contrast, cold-air incursions during clean periods led to low temperatures and slightly stronger winds; those conditions were more favorable with respect to pollutant dilution and transport.
RESULTS AND DISCUSSION
rBC Mass Loadings
Time-resolved (15 min) variations in rBC mass loadings are shown in Figure S3 , and a statistical summary of the data is presented in Table 2 . The daily rBC concentrations during the sampling period were highly variable, with a range from 0.3 to 44.5 mg m ¡3 and an average (arithmetic mean) value ( § standard deviation) of 8.8 § 7.3 mg m ¡3 . The average rBC concentration during polluted periods (9.9 mg m ¡3 ) was 7.6 times higher than that during clean periods (1.3 mg m ¡3 ). Compared with SP2-based measurements from other urban areas in China, the average rBC concentrations in Xi'an is 1.1-4.0 times higher than Jiaxing A plot of the hourly variations in rBC loadings (Figure 1 ) shows that the median and mean rBC values exhibited the same diurnal pattern, that is, "two peaks and two valleys." This diurnal variability can be explained by the daily cycles in boundary-layer mixing as well as the activity patterns of daily life. The maximum rBC values in the early morning (07:00-09:00 LST) can be attributed to rush-hour traffic, and this is generally consistent with atmospheric variations observed in other urban areas (Huang et al. 2012a ). The mean rBC levels were considerably higher than the medians during the rush hour, suggesting that the elevated rBC loadings were largely event driven. Later in the day, the depth of the boundary layer increased due to solar heating, leading to the mixing of clean air from above with polluted air below. As a result, the mixing-induced dilution led to a minimum in rBC loadings during the afternoon (14:00-16:00 LST). The relatively shallow boundary layer at night trapped locally-produced pollutants near the surface, and this led to another peak in rBC concentrations in the late evening (22:00-23:00 LST). Figure S5 shows that the rBC concentrations varied with wind direction and wind speed. When the winds were from the northeast and northwest with speeds >2.0 m s ¡1 , the rBC concentrations were low. This result indicates that at times regional transport from northeast and northwest brought relatively clean air to Xi'an. In contrast, when the winds were from northwest and weak (<1 m s ¡1 ), the rBC concentrations reached their highest values. Therefore, the strongest primary rBC emissions were most likely local and the sources located to the northwest of the observation site. Indeed, there are several polluting enterprises in that upwind sector ( Figure S1 ). When the winds were from the northeast and wind speeds ranged from 1 to 2 m s ¡1 , the rBC concentrations showed intermediate values. 
rBC Mixing State
Knowledge of the BC mixing state is critical for developing realistic simulations of the direct radiative effects of the aerosol as well as their forcing effects on climate (Mallet et al. 2004) . As shown in Figure S3 and Table 2 , f BC , expressed as a percentage, ranged from 18.3-68.8%, with an average value of 47.4% for the entire campaign period. The average f BC during clean periods was 38.3%, indicating that fresh, uncoated or thinly-coated rBC particles constituted the bulk of the rBC aerosol under those conditions. However, f BC increased to 48.6% during polluted periods, about 27% higher compared with clean periods.
Interestingly, f BC exhibited a diurnal pattern that was opposite to that seen in the rBC concentrations themselves (Figure 1 ). An increase in thickly-coated rBC was observed between 12:00-15:00 LST, likely due to the increase of secondary aerosol formed from enhanced photochemical oxidation promoted by higher solar irradiance. There were two valleys in f BC , one occurred in the early morning rush hours and the other during the evening rush hours. This indicates the large vehicular emissions of fresh and externally-mixed rBC particles that are not yet subject to substantial aging.
The dependence of f BC on wind speed and direction is shown in Figure S5 . High f BC values are generally associated with the low wind-speed region without an apparent dependence on wind direction. This implies that locally-emitted rBC particles age rapidly under stagnant weather conditions, leading to the formation of coatings from other chemical species. Figure S5 also shows a lobe of elevated f BC values when the wind is from the northeast with a speed >2 m s ¡1 . This suggests that aged rBC particles are brought to the site by regional transport at times overwhelming the fresh, locally-emitted rBC particles, especially when the rBC loadings are low.
Previous studies have used a positive matrix factorization (PMF) model to evaluate the contributions of different aerosol chemical species to the coatings on rBC particles (Shiraiwa et al. 2008; Metcalf et al. 2012) . The principles of PMF have been described in detail elsewhere (Paatero and Tapper 1994 The PMF model was run multiple times, and the three-factor solution is the most physically interpretable profiles (Figure 2a) . Factor 1 is characterized with high loading for NO 3 ¡ /rBC indicating that NO 3 ¡ may be the main contributor to this coating-related factor. Factor 2 is dominated by organics/rBC, and therefore organics are likely the major contributor to the coatings associated with this factor. Factor 3 is most heavily loaded with SO 4 2¡ /rBC, suggesting that SO 4 2¡ may be the main contributor to rBC coatings in this factor. Figure 2b shows that Factors 1 and 2 contribute predominantly to f BC over the course of the study, and therefore the nitrate and organics evidently are the two most important components of the coatings. These two factors combined account for 87.8% of the coatings on rBC aerosols, with Factors 1 (NO 3 ¡ ) and 2 (organics) amounting for 30.2% and 57.6% of the total coating mass, respectively. For the samples collected under clean conditions, Factor 1 increases to 41.0%, while for polluted samples, Factor 2 increases to 59.4%. The contribution of Factor 3 remains relatively stable throughout the study.
Particle Light Absorption and rBC
The mass absorption cross section of the BC aerosol (MAC BC , expressed here in m 2 g ¡1 ) is an important characteristic of the BC particles because it links their optical properties to their mass. Previous studies demonstrate that BC, brown carbon and mineral dust are the most important light absorption aerosols, and their light absorption properties are distinctive functions of the wavelengths of light (Yang et al. 2009; Lack and Cappa 2010) . Therefore, the relationship among s abs , MAC BC and BC concentration can be described by the following equation:
where [BC] is the mass concentration of BC particles, and s abs_others represents the light absorption contributed by non-BC materials (e.g., brown carbon and soil dust). Plot of the linear regression of s abs (λ D 870 nm) as a function of the rBC mass is shown in Figure 3a . Strong correlation (r D 0.99) between these two variables is found for the entire campaign. The intercept of the fitting line is close to zero, indicating that s abs_others from other materials is very small and BC is the main contributor to light absorption at λ D 870 nm. Therefore, the MAC BC can be estimated from the ratio of s abs at λ D 870 nm and rBC mass. As shown in Figure 3b , the MAC BC values exhibits Gaussian distribution with a mean value of 7.6 § 0.02 m 2 g ¡1 . Table 3 summarizes the MAC BC values determined from previous studies, including information on the measurement methods used. The MAC BC values vary widely, even for studies using the same wavelength of light. The apparent site-tosite variability in MAC BC may be explained by differences in emission sources and combustion conditions as well as BC particle size and coatings Gao et al. 2008; Schwarz et al. 2008) . Further, different measurement methods for absorption and BC mass may also lead to the discrepancies among studies. As shown in Table 3 , most of the MAC BC measurements were made using filter-based absorption instruments. These approaches measure s abs based on the attenuation of light passing through an aerosol-loaded filter, and therefore are subject to a number of uncertainties (Arnott et al. 2005) . The PAX used in our study, however, is a filter-free instrument, which is insensitive to light scattering.
Light Absorption Enhancement as a Function of rBC Mixing State
The absorption of solar and reflection of radiation by aerosols are closely related (not directly proportional) to positive climate forcing ). There are evidences that the absorption of BC can be significantly enhanced by the internal mixing of BC with other substances. For example, Zhang et al. (2008) show that the internal mixing of BC particles with sulfuric acid result in the enhancement of light absorption by nearly two-fold at 80% RH compared with fresh BC particles. In a laboratory study, Shiraiwa et al. (2010) found a twofold absorption enhancement for BC particles with thick coatings of organic compounds. Chamber studies also show an absorption enhancement of 1.8-2.1 times when diesel BC particles are coated with secondary organic compounds (Schnaiter et al. 2005 ).
To investigate the potential influence of the rBC mixing state on light absorption, the MAC BC values are plotted against f BC (Figure 4) . In order to reduce the impact of outlier data, a robust regression method is used to get the experimental growth curve (Miconnet et al. 2005) . As shown in Figure 4 , the MAC BC is significantly correlated (r D 0.68, p < .001) with f BC , indicating an enhancement of light absorption for coated rBC particles. If the results from the linear regression shown in Figure 4 are extrapolated to a condition where the rBC is completely externally mixed (that is, f BC or x D 0), the MAC BC would be 4.9 m 2 g ¡1 . The MAC BC for uncoated particles estimated in this way is consistent with the value of 4.7 m 2 g ¡1 (interpolated to 870 nm from 550 nm assuming an Absorption A ngstr€ om Exponent of 1.0) suggested by for uncoated BC particles. Furthermore, the MAC BC calculated for the opposite case, that is, all rBC being internally mixed (f BC or x D 100%), would be 12.9 m 2 g ¡1 . This would represent the maximum potential effect on absorption, and it would represent an amplification of the MAC BC with a factor of 2.7 compared with the fully externally-mixed and uncoated BC particles. The observed average rBC mixing state during the campaign is f BC D 47.4%, therefore the enhancement of MAC BC calculated from the regression model would be a factor of 1.8.
Our observations therefore indicate that climate models, which assume around twofold enhancement of BC absorption from internal-mixing of BC, may be appropriate for high PM 2.5 loadings. Nevertheless, Cappa et al. (2012) report that the rBC absorption enhancements at two regions of California are rather small (6%) based on direct in situ measurements. Lan et al. (2013) also observed a small enhancement (7%) of absorption in the urban atmosphere of Shenzhen, China. The authors suggested that rBC absorption enhancement due to internal mixing in the atmosphere is relatively low and that many climate models may overestimate the warming effect from BC. The reasons for the large discrepancies between studies could be manifold: (i) the levels of particulate pollution and the main species of pollutants could be different in space and time; (ii) changes in particle size may offset the expected enhancement in absorption due to internally-mixed BC under low chemical loadings.
CONCLUSIONS
This study investigates the rBC mass and mixing state as well as the rBC mass absorption cross section in the heavily polluted atmosphere of Xi'an, the largest city in northwestern China. The studies, conducted from 23 December 2012 to 18 January 2013, show a rBC mass concentration of 9.9 mg m ¡3 during polluted periods, 7.6 times higher than that in clean periods. High rBC concentrations are observed when the winds are from northwest at low speed (<1 m s ¡1 ). Results obtained with a single-particle soot photometer show that 38.3% of the rBC particles are thickly-coated during clean conditions, but this fraction increases to 48.6% during polluted periods. An increase in thickly-coated rBC particles is evident in the afternoon mainly due to the enhanced photochemical oxidation to form secondary aerosol under stronger solar irradiation.
The PMF model simulations show that organics and nitrate are most likely the main contributors to the rBC coatings, with the contribution from organics increasing further during polluted periods. The average MAC BC derived from the PAX and SP2 measurements is 7.6 § 0.02 m 2 g ¡1 during the entire campaign period. The MAC B is positively correlated (r D 0.68) with f BC , and the empirically-determined relationship shows that the MAC BC may increase with a factor of 1.8 due to the internal mixing of rBC with other species. Therefore, an enhancement factor of 2 for BC absorption due to internal mixing may be appropriate for modeling studies of polluted atmospheres.
The mixing state and physicochemical properties of BC are important because of the regional effects on light absorption discussed above. In addition, high BC concentrations also have important implications for human health (Pope and Dockery 2006; Cao et al. 2012 ). The internal mixing of rBC with other substances in the atmosphere may have important consequences in terms of biological effects, including those on human health, but these are largely unclear. Therefore, the impacts of BC particle pollution on biological systems are another field in which the results of our study of BC and its mixing with other substances may be meaningful.
